The use of low-temperature platforms with base temperatures below 1 K is rapidly expanding, for fundamental science, sensitive instrumentation and new technologies of potentially significant commercial impact. Precise measurement of the thermodynamic temperature of these lowtemperature platforms is crucial for their operation. In this paper, we describe a practical and user-friendly primary current-sensing noise thermometer (CSNT) for reliable and traceable thermometry and the dissemination of the new kelvin in this temperature regime. Design considerations of the thermometer are discussed, including the optimization of a thermometer for the temperature range to be measured, noise sources and thermalization. We show the procedure taken to make the thermometer primary and contributions to the uncertainty budget. With standard laboratory instrumentation, a relative uncertainty of 1.53% is obtainable. Initial comparison measurements between a primary CSNT and a superconducting reference device traceable to the PLTS-2000 (Provisional Low Temperature Scale of 2000) are presented between 66 and 208 mK, showing good agreement within the k = 1 calculated uncertainty.
Noise thermometry in perspective
In the temperature range below 1 K, the measurement of temperature is usually realized using secondary thermometers and superconducting reference devices (SRDs) that are traceable to a defined scale, namely the Provisional Low Temperature Scale of 2000 (PLTS-2000) [1, 2] . Examples include resistance thermometers and paramagnetic susceptibility thermometers [3] . The calibration of these thermometers against the PLTS-2000 is time-consuming, expensive and not fully reliable. Resistance thermometers are intrinsically subject to shifts in calibration and prone to self-heating. Paramagnetic-salt susceptibility thermometers are subject to degradation with time. For temperatures below 20 mK, nuclear orientation thermometers and nuclear magnetic susceptibility thermometers are typically used, but both are insensitive above 20 mK, slow and user-unfriendly. The PLTS-2000 itself is based on the melting pressure of 3 He, which is not straightforward to implement for the rapidly expanding community of users of ultralowtemperature platforms. Moreover, it is a provisional scale based on discrepant data. Therefore, primary techniques to facilitate the direct measurement of thermodynamic temperature are being developed, without being linked to a defined scale [4] . Reliable and traceable thermometry below 1 K offers demanding challenges, especially to the non-specialist. In order to accurately cover the range of temperatures used on measurement platforms (from 4 K down to sub-millikelvin), several thermometers are typically used. By contrast, noise thermometry can cover the whole range, with temperature-independent per cent precision, so that only a single noise thermometer is required.
Noise thermometry is an established technique that measures the thermal noise of electric charges in a resistor in thermal equilibrium. This noise is commonly referred to as Johnson [5] or Nyquist [6] noise, and the noise power is directly proportional to its thermodynamic temperature. This technique is particularly advantageous for measuring the lowest temperatures, as it does not require the application of an excitation signal and so self-heating is minimized.
Since the first experiments demonstrating noise thermometry at low temperatures by Kamper & Zimmerman [7] and Giffard et al. [8, 9] , there have been many advances in the field. For the project 'Implementing the New Kelvin' [4] , two main branches of noise thermometry have been developed: magnetic field fluctuation thermometers (MFFTs) and current-sensing noise thermometers (CSNTs). MFFTs measure the magnetic Johnson noise caused by the fluctuations of the electrons in a conductor, measured inductively with a pick-up coil [10] [11] [12] [13] [14] [15] [16] [17] , whereas CSNTs measure the electric current Johnson noise in a resistor, in series with an input coil [18] [19] [20] [21] . Both techniques are read out by a low-noise DC superconducting quantum interference device (SQUID) as a preamplifier [22] . Within these citations, the noise thermometers have been used in a practical way as semi-primary thermometers, with a single temperature calibration against a defined temperature scale. Our previous paper [21] reported measurements on various CSNTs of different resistances, documenting their characterization and performance as a semi-primary thermometer. In this paper, we describe the construction of and measurements carried out with the latest design of a primary CSNT optimized for the temperature range 20 mK and above. Here we measure thermodynamic temperature directly and document the uncertainties obtainable with standard laboratory equipment. Preliminary results of the first comparison with the PLTS-2000 are also shown.
Basic principles of current-sensing noise thermometry
The principle of operation of a CSNT has been discussed in detail in a previous paper [19] . The key points are summarized below. The Nyquist expression for the mean square open-circuit noise voltage per unit bandwidth across the terminals of a resistor R at temperature T is
This is a white noise spectrum. However, in order to measure the tiny noise voltages occurring at low temperatures, the resistor is coupled in series to the superconducting input coil of a DC 
CSNT fit SQUID electronics Figure 1 . Schematic of the CSNT. The noise current through the resistor at temperature T 1 is amplified by a two-stage DC SQUID (shown here as a single SQUID) at temperature T 2 . The signal is measured in flux-locked loop by the SQUID electronics, captured by a PXI data acquisition card (NI PXI 5922) and converted to temperature by a fitting program. (Online version in colour.) SQUID, with total circuit inductance L made up of the input coil inductance L i plus any stray inductance. A two-stage DC SQUID is an ideally suited amplifier as it has extremely low noise and high sensitivity. The mean square noise current flowing in the SQUID input coil per unit bandwidth due to Johnson noise is then given by
Here, ω = 2π f and the time constant τ = L/R governs the characteristic low-pass shape of the noise spectrum. The SQUID is operated in flux-locked loop (FLL) mode [23] , where it acts as a null detector of flux with stable gain and a wide dynamic range. Figure 1 shows a schematic of the thermometer and associated electronics. 1 In the frequency range of interest, in FLL mode, the SQUID output voltage gain is dependent only on the value of the feedback resistor R f , the mutual inductance between the SQUID and the feedback coil M f and the mutual inductance between the SQUID and the input coil M i . The effective transresistance A TR converts the current measured in the input coil to SQUID voltage output and is given by
In order to make a primary CSNT, low-uncertainty measurements of these individual parameters must be made. These measurements are described in §4. In addition, there are several design considerations to be addressed, the performance of the thermometer being mainly dependent on the choice of R, the resistance value.
The sensor and design considerations (a) The SQUID sensor
We use a two-stage SQUID as the sensor for our CSNT, designed and constructed at PhysikalischTechnische Bundesanstalt (PTB). A description of the device can be found in [22] . The particular device used in this work was a C6 generation SQUID, designed for operation below 4. chip, which is used for thermalization of the SQUID. Magnicon XXF-1 electronics were used to control the SQUID and FLL.
(b) The resistor
The resistor for the CSNT in this work was made from 99.99+% high-purity copper foil, of thickness 7.8 μm. 3 In order to create a resistance of approximately 2 mΩ, the foil was carefully cut into a U-shape using a razor blade with tabs for soldering to and a large area for heat-sinking on one side, containing two 2 mm diameter holes (figure 2a). Measurements of this resistor are reported in §4.
(c) Speed
The speed of a thermometer is defined by the measurement time required to achieve a certain precision. As thermal noise is a random statistical fluctuation, the longer the measurement time, the better the precision. With a CSNT, the bandwidth of the noise spectrum, which is determined by the L/R time constant τ , determines the speed of the thermometer, as it defines how quickly one can sample in order to make independent measurements of noise [19] . Equation (3.1) is an estimate for the precision in a given measurement time, t meas , where T is the standard deviation of a large number of repeated temperature measurements with mean T:
We can see that by increasing R we can increase the bandwidth of the spectrum and therefore make a faster thermometer. With larger R and hence smaller thermal conductivity of the sensor, thermalization becomes more difficult, limiting the lowest temperatures of operation [21] . In the design of a CSNT, we reach a compromise: firstly, the lowest temperature you would like to measure is determined and then R is chosen to create the fastest thermometer for that temperature range.
(d) Thermalization
A key consideration in the design process of a CSNT is the thermalization of the resistor to the measurement platform, as well as the thermalization of the incoming wires from the SQUID input coil to minimize the heat leak. Figure 2b shows the design of the sensor resistor assembly. The OFHC (oxygen-free high thermal conductivity) copper holder was annealed in vacuum at 730 • C for 3 h to remove oxides from the surface and ensure good thermal conductivity. The resistor is electrically grounded on one side directly to the holder with a copper clamp, using three M3 brass screws. A very thin layer of cigarette paper was varnished above and below the resistor on the floating side for electrical insulation. In order to reduce the heat leak to the resistor, the incoming twisted pair from the SQUID was wrapped several times around a heat-sinking post, extruded from the copper holder and secured with GE varnish before terminating at the screw terminals ( figure 3 ). From here, the incoming wire to the floating side of the resistor was interrupted by being spot-welded to a 4 × 10 mm strip of 70 μm thick niobium foil, which was heat-sunk to the back of the holder through cigarette paper and varnish, exploiting the poor thermal conductivity of superconducting niobium. The wiring from the SQUID input coil to the screw terminals of the resistor is a twisted pair of NbTi wire with no cladding. Wiring from the screw terminals to the resistor was CuNi-clad NbTi wire. The CuNi cladding was removed by etching the wire in nitric acid and rinsing in water for the connections to the niobium screw terminals and the spot-welds. The connection to the copper foil resistor was made with soft solder-here, the CuNi cladding was not removed to enable soldering. As superconducting wire was used to the maximum extent possible, this ensured that the only resistance in the input circuit came from the CSNT resistor at temperature T 1 .
Reusable superconducting connections were provided by screw terminals (figure 2b) made of strips of 70 μm Nb foil on a Stycast 1266 base. Incoming and outgoing superconducting wires are clamped between the foil and square Nb washers using M1.6 PEEK (polyether ether ketone) screws 4 held in the Stycast base; the strips of foil provided the superconducting link between pairs of wires. Differential thermal contraction between PEEK and Nb ensures increased strength on cooling compared with traditional fully metallic screw terminals. The square Nb washers are designed to lock with each other so they do not rotate while the wire is being clamped, to reduce shear stress. With this design it was possible to measure the resistance of the CSNT resistor and reconnect it to the SQUID input coil without resoldering or affecting the construction of the resistor assembly.
At the bottom of the copper holder, an M4 thread and locking nut is used to thermalize the thermometer to the measurement platform. For ease of mounting, a copper cone joint or other adapter is often used, so that the thermometer does not need rotating to mount. This type of thermal joint is adequate to cool the CSNT to very low temperatures of the order of 100 μK [21] when care is taken to ensure the connecting pieces are free from dirt and oxides.
(e) Noise sources
As the measurement relies on determining the thermal noise arising from the resistor, it is important to take into account other sources of noise that may also be detected and subtract this from the measurement. This includes the noise contribution from the SQUID preamplifier as well as electromagnetic interference from the environment. In our CSNT design, the SQUID is thermalized at the continuous heat-exchanger plate (cold plate at temperature T 2 ) of the dilution refrigerator, which enables us to achieve the best energy sensitivity, i.e. obtain the lowest possible SQUID noise contribution. This is because this noise originates from Johnson noise in the shunt resistors of the SQUID. The temperature of the cold plate varies between 100 and 300 mK, depending on the stabilized temperature of the mixing chamber. In this temperature range, we measured that the SQUID noise is essentially temperature-independent, showing that it does not cool effectively below 300 mK. The SQUID noise contribution is measured at frequencies higher than the bandwidth of the CSNT, where the noise is white. This is done with the SQUID input coil wired to the resistor, as in figure 1. It is then subtracted from the noise spectrum as a frequency-independent offset during the fitting routine. For a PTB C6 two-stage SQUID operated below 300 mK, the measured SQUID noise at 100 kHz is approximately 0.26 μφ 0 Hz −1/2 , as expected [22] (cf. 0.78 μφ 0 Hz −1/2 at 4.2 K), which is equivalent to a coupled energy sensitivity ε c of 5 h in units of Planck's constant, ε c being the energy equivalent of the minimum detectable current in the SQUID input circuit. This corresponds to a noise temperature (the temperature at which the current noise due to the measuring resistor at ωτ 1 is equal to the SQUID noise [21] ) of order μK depending on the choice of R. The noise temperature is therefore a practical lower temperature limit for a CSNT in the case of zero heat leak to the resistor. In general, R is chosen so that the SQUID noise contribution is small, with an amplifier noise temperature at least 100 times lower than the lowest temperature to be measured. For the resistance used in this work, R = 1.861 mΩ, the SQUID amplifier noise temperature is 2.5 μK. Electromagnetic noise picked up by the input circuit is a source of noise that manifests itself as discrete peaks in the frequency spectrum. In order to minimize this, the bias lines to the SQUID are shielded in a series of CuNi and Nb tubing from room temperature down to the SQUID, which itself is mounted in a superconducting niobium shield. The superconducting twisted pair that connects the resistor to the SQUID input coil is also threaded through a niobium tube, filled with Apiezon N grease 5 to reduce movement of the wires. The resistor is also equipped with a niobium shield. All access holes into and out of the niobium shields have an aspect ratio such that adequate shielding of magnetic noise below the ppm level is also ensured [24] .
During the measurement of the noise spectrum (especially towards lower temperatures), there are inevitably noise peaks due to pick-up in the spectrum arising from imperfect shielding. These are particularly notable in the noise spectra of CSNTs mounted on pulse-tube refrigerators. Firstly, these are frequency-resolved as much as possible by capturing a large number of points for a given sampling frequency. We used a sampling frequency of 50 kHz and captured 2 20 points per trace to obtain a frequency resolution of 48 mHz in the Fourier transform. The peaks were then removed by a peak removal algorithm before the noise spectrum was analysed. In the algorithm, first the spectrum is split into an equal number of segments in frequency. For each segment, we remove the highest pick-up peaks above a set threshold. Afterwards, a histogram of amplitudes is made, where for a large number of averages, the spread of noise amplitudes about the mean is Gaussian. After a Gaussian fit to the data, any points that are higher than 4 s.d. above the mean are deleted, leaving a spectrum with the vast majority of peaks removed, as shown in figure 4 . When external electromagnetic pick-up is present, inadequate frequency resolution of a noise spectrum can manifest itself as an increase in temperature, so care must be taken when sampling.
(f) Experimental verification
The major constraint limiting the magnitude of the sensor resistor, and hence the greatest barrier limiting the speed of the CSNT, is the thermal gradient that is created across the resistor by the heat leak to its floating side [21] . This gradient is larger for larger resistors as expected from the Wiedemann-Franz law [3] ; a small heat leak of 2 pW can cause a 6 mK temperature gradient in the limit T → 0 K for a resistor of 1.3 Ω. In order to have an insignificant thermal gradient 
is the temperature of the platform and T b is the temperature of the thermometer [3] . At 20 mK, a CSNT of this design will exhibit a thermal gradient of only 6.6 μK. Therefore, it is ideal for a cryostat with base temperature 20 mK, such as the platform used in the first set of comparison measurements shown in §5. By contrast, for the 0.2 mΩ thermometer used in our earlier work [21] , a thermal gradient larger than 6 μK only starts to appear below approximately 400 μK.
Primary thermometry and uncertainty budgets
Measurements of the various components of the CSNT were carried out independently, as a function of temperature, in order to establish its use as a primary thermometer, and are described in this section. Uncertainties in each component were also evaluated, with reference to the Guide to the expression of uncertainty in measurement (GUM) [25] , enabling the propagation of uncertainties to the final temperature as summarized in §4d.
(a) Resistance measurement
The resistance measurement was made on an Oxford Instruments Triton 200 cryogen-free dilution refrigerator. 6 The assembled CSNT resistor was thermalized at the temperature-stabilized mixing chamber plate. A four-wire lock-in measurement was made using an EG&G Signal Recovery 7265 lock-in amplifier. 7 The internal oscillator was used to apply a 30 Hz, 5 V rms sine wave to the resistor via the filtered ammeter as in figure 6a. The design for the filtered ammeter with a 10 kΩ precision resistor built to enable measurement of the resistance and mutual inductance M i is shown in figure 7 . The design was adapted from [26] . The voltage before and after the 10 kΩ ± 0.01% precision resistor at U 1 and U 2 shown in figure 7 was captured by an NI PXI 4462 oscilloscope (see footnote 1) to calculate the rms current. Data were captured at 50 kHz for 10 s and repeated five times throughout the measurement, enabling 300 periods to be captured. The voltage across the resistor was measured by the lock-in amplifier in A−B differential mode with a 5 s time constant and sensitivity of 1 μV. At each stabilized temperature, the lock-in was set to take 10 readouts per step, 20 steps per sweep and take an average of five sweeps, waiting 5 s per step. This equates to 1000 readings in 83 min, which was enough to reduce the Type A uncertainty to an insignificant level.
The dominant contribution to the uncertainty of the resistance measurement comes from the gain amplitude accuracy of the PXI card, which is ±0.03 dB. Assuming a Type B uniform probability distribution, this results in a standard uncertainty of 20 mV with a ±10 V input range. This leads to a total relative uncertainty in the resistance measurement of u(R) = 0.68%. A slight temperature dependence of the resistance was observed between the temperatures of 7.5 mK and 1 K of −770 nΩ K −1 but this is less than 0.01% over the temperature range of the measurements covered, so can be considered insignificant. Figure 8 shows the measured resistance values and corresponding k = 1 uncertainties.
(b) Mutual inductance between SQUID and input coil measurement
In order to measure this mutual inductance, M i , we slowly change the current through the input coil of the SQUID by I and measure the number of periods of the resulting overall V-Φ characteristic, n. The mutual inductance is then simply M i = nΦ 0 / I. For this measurement, the SQUID was mounted on the mixing chamber plate of the Triton 200 dilution fridge and each terminal of the input coil was connected to a rigid, heat-sunk coaxial cable insert. This enabled a well-shielded, heat-sunk connection to the SQUID input coil from error was found to be ±1 mV with a ±3.16 V input range, signifying that the manufacturer's quoted error is likely to be an overestimate. No temperature dependence of M i was detected within the uncertainty of the measurement between 7.5 mK and 1 K. The total relative uncertainty is u(M i ) = 0.30%; figure 9 shows the measured data as a function of temperature. The principle of measuring the mutual inductance between the feedback coil and the SQUID, M f , is similar to that described for measuring M i . However, M f is dependent on how the input circuit is connected and, therefore, must be measured in situ with the CSNT assembled and resistor connected as in figure 1 . Measurements of M f are different by approximately 0.6% between an open input coil and one with a superconducting short due to the coupling between the feedback coil and the input coil.
The most straightforward way of providing a current to the feedback coil is via the XXF-1 SQUID electronics, using the SQUIDViewer controller interface (see footnote 2). A 2 Hz sine wave of maximum amplitude 249.05 μA peak-to-peak was used, with the greatest contribution to the total uncertainty coming from this value. Assuming a uniform distribution, the k = 1 uncertainty in the generator current was 1.44 μA peak-to-peak. The SQUID output was measured in FLL using the autoreset function set at 0.16 V, enabling a linear fit to be applied to the data. Four periods were observed with this technique, with 10 averages per trace and 10 repeat measurements at each temperature. The total relative uncertainty was u(M f ) = 0.58%. There was no observable temperature dependence seen as shown in figure 10 .
The temperature dependence of the mutual inductance M f and variations of the feedback resistor R f have been discussed in [15] and conservative upper estimates of the relative variations were given as 0.1% for R f and 0.02% for M f , considered insignificant for total uncertainties of order 0.5% and above. This is consistent with our measured variation in the mutual inductances, of no more than the 0.01% level across the temperature range measured.
(d) Propagation of uncertainties
The probability distribution for the temperature of a CSNT is determined by available knowledge about the probability distributions for the input variables that contribute towards obtaining a temperature reading. Using equations (2.2) simplified to equation (4.1) below for the purpose of the uncertainty budget, taking the current noise at ωτ 1:
Here V 2 N is the measured voltage noise power per unit bandwidth when ωτ 1, V 2 SQ is the SQUID voltage noise power contribution per unit bandwidth and T g is the estimated temperature gradient that exists between the platform and the CSNT, as described in §3d. As some of the contributions to the total uncertainty are difficult to quantify, such as the accuracy at which unwanted peaks are removed from the data, the calculated total uncertainty is a best estimate. For the spectra taken for the comparison measurement, an upper estimate for the uncertainty arising from the overestimation of temperature due to imperfect peak removal has been estimated to be 0.2% but has not been included in the uncertainty calculations. The sources of uncertainty are listed in table 1 with the expectation values for each input quantity, standard (k = 1) uncertainty, relative uncertainty and percentage contribution to the total uncertainty.
We can see from the last column in table 1 that the uncertainty of the 1/M f mutual inductance measurement has the highest contribution to the total uncertainty in temperature. Improvements to the way this is measured are being considered in future measurements, where a similar technique to the measurement of M i will potentially be able to bring the combined uncertainty closer to the target level of 1%.
Comparison against the PLTS-2000
Measurements against an SRD calibrated against the PLTS-2000 at PTB were performed at MIKES, VTT, Finland, to investigate the performance of the primary CSNT. Measurements were performed on a cryogen-free Bluefors dilution refrigerator. 8 Both the CSNT and the SRD were mounted on a gold-plated copper platform, with a small heater to control the temperature of the platform.
(a) Superconducting reference device
The SRD used was the SRD-1000 202-series, 9 which consists of several reference materials, with their superconducting transitions used as stable fixed points of known temperature, calibrated against the PLTS-2000. Table 2 gives the transitions and the associated uncertainties. The voltage across the SRD was read out and stabilized with a PID (proportional integral derivative) controller. In order to find the correct voltage, the full superconducting transition was first mapped out and the voltage exactly halfway between the normal and superconducting states was used for stabilization. In this way, the temperature could be stabilized with very low uncertainty (table 2).
(b) Experimental results
The CSNT traces were taken with an NI PXI 5922 (see footnote 1) using a 50 kHz sampling rate, 2 20 points and 200 averages per trace. The averaging was performed in the frequency domain. At each temperature, 14-16 traces were taken, resulting in a total measurement time of 16-18.5 h per temperature. The noise spectra and fits are shown in figure 11a for the four stabilized temperatures as well as the base temperature of the fridge during the measurement run. Figure 11b shows the deviation of the CSNT temperature T CSNT from the SRD temperature T SRD as a percentage over the temperature range between 66 and 208 mK. The error bars show the relative (k = 1) combined uncertainty of u c (T CSNT ) = 1.53%. T CSNT is systematically higher than the PLTS-2000 by approximately 1% across the temperature range covered. This is within the uncertainty of the thermometer but could indicate a systematic measurement error that could be reduced, such as a more accurate measurement of the mutual inductance M f . 
Conclusion
We have reported on the design considerations and construction of a primary CSNT, read out by a DC SQUID. The measurements required to make the thermometer primary were explained, leading to the uncertainty budget for the final temperature. For a CSNT designed for temperatures above 20 mK, combined relative uncertainties of 1.53% have been shown to be attainable with standard laboratory equipment, with improvements possible. If this 1.53% level of uncertainty holds down to sub-millikelvin temperatures, a significant improvement on the discrepant data of the PLTS-2000 will follow. A comparison of a primary CSNT with the PLTS-2000 to ultralow temperatures is under way on nuclear demagnetization systems in our laboratory. This will establish the feasibility of this noise thermometer for use to even lower temperatures as a direct measurement of thermodynamic temperature, for implementing the new kelvin.
With this level of uncertainty, primary thermometry with a CSNT is already a promising practical solution for the low-temperature industry, for direct installation on new systems. The techniques described in this paper are simple, low-cost and the CSNT system is user-friendly for the non-specialist.
If we benchmark the performance of our noise thermometer against that reported in 1983 [18] , an improvement of a factor of 10 5 in measurement time to achieve a precision of 1% has been achieved. This arises from the improved coupled energy sensitivity and bandwidth of SQUID amplifiers, which allow much larger values of the noise resistor. The choice of this resistor is now limited in practice by thermalization considerations. The present work establishes that it is straightforward to calibrate the CSNT to read absolute temperature with 1.5% uncertainty. Thus, a practical solution to fast primary thermometry of cryogenic platforms to 10 mK is available. Competing interests. The authors declare that they have no competing interests. Funding. The European Metrology Research Programme (EMRP) is jointly funded by the EMRP participating countries within Euramet and the European Union.
